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ABSTRACT Successful gene therapy requires not only 
the identification of an appropriate therapeutic gene for 
treatment of the disease, but also a delivery system by 
which that gene can be delivered to the desired cell type 
both efficiently and accurately. Reductions in accuracy 
will inevitably also reduce efficiency since fewer particles 
will be available for delivery to the correct cells if many 



e sequestered into non target cells. In addition, the ther- 
apy will have net benefit to the patient only if gene deliv- 
ery is sufficiently restricted rttch that normal cells are left 



unaffected by any detrimental affects of bystander cell 
transduction. Here we review how currently available 
delivery systems, both plasmid and viral, can be manipu- 
lated to improve their targeting to specific cell types. Cur- 
rently, targeting is achieved by engineering of the surface 
components of viruses and liposomes to achieve discrimi- 
nation at the level of target ceD recognition and/or by in- 
corporating transcriptional elements into plasmid or 
viral genomes such that *4e therapeutic gene is expressed 
only in certain target cell types. In addition, we discuss 
emerging vectors and suggest how gene therapy delivery 
systems of the future will be composites of the best fea- 
tures of diverse vectors already in use. — Miller, N., Vile, 
R. Targeted vectors for gene therapy. FASEB h 9, 
190-199 (1995) J 

Key Whrds: targeting * rrtmoinu • adenovirus • liposome 

TUz identification of tme UNDERLYING genetic defects has 
recently made gene therapy an attractive treatment option 
Tor a wide variety of diseases. However, there is a cor- 
responding requirement to produce vector svstcms that can 
deliver therapeutic genes to the appropriate target ceils 
either in vivo or ex viva These systems must be both efficient 
and octumit. The range of different diseases amenable to in- 
tervention by gene therapy means* however, that no single 
delivery system is likely to be universally appropriate. For in- 
stance, the requirements of gene therapy for cystic fibrosis 
are greatly different from those of cancer. In the former case, 
only a certain proportion of a localized population of tells 
needs to be targeted with a single corrective gene; by con- 
trast, cancer gene therapy usually involves the targeting of all 
■ * r?M? ly ,pread P°P ulwi °« of cells, with the ultimate 
aim of killing rather than correcting them. Hence, the strin- 
gency with which the therapeutic gene needs to be accurately 
delivered can vary greatly. Expression of a copy of the cystic 
fibrosis transporter gene in nemtarget cells is likely to be 
much less toxic than inadvertant expression of cytotoxic 
genes, aimed at cancer ceils, but expi essed in normal bystander 

Here, we review the progress in targeting gene delivery 
systems to specific target cell populati ns and look forward 
to the areas f research that will bring developments f r the 
luture. Unf rtunately, improvements in the accuracy of a 



vector often compromise its efficiency, and vice versa. 
Nonetheless, it is clear that the technology now exists to in- 
corporate specific targeting features into most of the cur- 
rently available delivery systems. These may be at the level 
of/; target cell surface recognition, by manipulating the sur- 
face recognition components of viruses and liposomes; r 2) 
target cell transcriptional restrictions, by incorporating tran- 
scriptional elements into plasmid or viral genomes such that 
the therapeutic gene is expressed only in certain target ceD types. 

The ultimate aim for the vectors of the future is to include 
these and other targeting opportunities within the same vehi- 
cle. In all probability, this will involve the incorporati n of 
the most beneficial features of a variety of viral and nonviral 
systems into a single hybrid vector specifically CMStom built 
for each individual therapeutic situation. 

TARGETING OF GENE THERAPY VECTORS AT THE 
LEVEL OF THE CELL SURFACE 

Retroviral vectors 

A primary determinant of retrovirus infectivity is the inter- 
action between specific, receptors on the host cell surface and 
glycoproteins (Env) on the lipid envelope of the retroviral 
particle. Ideally, targeted retroviral vectors for human gene , 
therapy would use safe recombinant genome? and packaging 
lines from wild-type retroviruses that naturally display enve- 
lope proteins with the required tropisms. However, few 
naturally occurring retroviral infections are strictly limited 
to one cell type (1), and of the known receptors for 
retroviruses, only the HIV1/SIV receptor CD-4 (2) is of rela- 
tively restricted distribution. Attempts have been made to 
produce vectors and packaging lines from HIV (3). 
However, HIV is a complex retrovirus that requires a num- 
ber of self-encoded autoregulatory proteins, and this compli- 
cates the construction of stable packaging lines. Neverthe- 
less, the principle or a recombinant HIV genome as a gene t 
vector for CD4* cells has been demonstrated (3). However, 
vectors carrying HIV-I env sequences would have to be used 
with extreme caution as the HIV-Env protein itself may be 
neurotoxic (4) or even immunosuppressive. 

Most recombinant retroviral vectors and packaging lines 
produced so far have been based on murine leukemia viruses 
(MLVs)* (5). There are five recognized MLV groups (1) as 



'To whom correspondence and reprint request! should he ad- 
dressed, at: 14 Chrmin d« AuU, 1 228 Fian-les-ouites, Glaxo Insti- 
tute of Molecular Biology, Geneva, Switzerland. 

'Abbreviations: MLVs, murine leukemia viruses; MLV-G, 
ecotropic strain of MLV; MLV-A, amphotiopic strain of MLV; 
RES, reticuloendothelial system; PEG, polyethylene glycol; ReSV, 
respiratory syncytial viruj; ASOR, asialoorosomucoid; LCRs, lo- 
cus control regions; DT-A, diphtheria toxin A; MVM, mouse 
minute virus. 
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defined by tropism, of which the moat useful for gene deliv- 
ery purposes have been the ecotropic strain (MLV-E), which 
infects virtually all rodent cells, and the amphotropic strain 
(MLV-A), which infects practically all mammalian cells. 
Packaging lines have therefore been created to allow produc- 
tion of retroviral vectors with host ranges that are either 
ecotropic or amphotropk, respectively (5). It is likely that all 
retroviral vectors suitable for human gene therapy in the 
near future will be based on inch recombinant MLV ge- 
nomes because they are well characterized with regard to 
safety and efficiency. For targeted retroviral vectors, then, the 
problem is either to restrict the promiscuous tropism of am- 
photropic particles or to confer upon ecotropic particles a 
limited human cell affinity. This could be done either by: J) 
genetic manipulation of the producer line such that ampho- 
or ecotropic Env is replaced by a different viral or non viral 
protein having the required affinity; 2) directly engineering 
a particular affinity into Env; or 3) molecular conjugate ap- 
proaches, in which ligands are coupled to the outside of the 
retroviral particle. 

Replacement of Env: rttmuintl pseudotypes 

The facility (5) with which /max* and m-acting functions can 
be separated in MLV packaging lines allows easy experimen- 
tal manipulation of the /raw-acting function responsible for 
cellular tropism, namely, Env. This raises the possibility of 
replacing one viral env with that of another, thereby creating 
a hybrid producer line that generates 'pseudotyped* viral 
vectors with a tropism conferred by the replacement env (Fig. 
1). Phenotypic mixing has been used for many years as a tool 
to study receptor interactions (see ref 1 for a review); 
however, efforts have recently been directed at precisely 
replacing env and producing not envelope mixtures but vec- 
tor populations exclusively displaying a novel tropism (1, 6). 
Such hybrid formation in general seems to occur more 
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efficiently between closely related viruses. For instance, a 
recombinant MoMLV genome can be rescued by C*type 
viruses but n t by HTLV-I r D-type viruses (7). However, 
provision of h mol gous r m re closely related Gag pro- 
teins in some cases relaxes phenotypic restrictions on 
efficient pseudotyping of vector genomes with exogenous 
Env; for instance, an MoMLV vector can be packaged inside 
HTLV-1 (8) envelopes when MoMLV gag-pol are supplied in 
trans. Similarly, HIV has been given an extended host ceO 
range by pseudotyping with the unrelated viruses HSV and 
VSV (9). Although these examples demonstrate the principle 
of creating an improved retroviral vector for human gene 
therapy by pseudotyping, so far they have produced onJy 
vectors with extended tropism rather than with restricted 
specificities. 

The logical and necessary extension of pseudotyping ap- 
proaches, then is to replace retroviral envelope genes with 
genes derived from nonviral sources. Although there are in* 
stances of nonviral glycoproteins being preferentially incor- 
porated into retroviral particles, such as Thy-1 (10) and CD4 
(11), actual infection of target cells, as opposed to specific 
binding, via display of such nonviral proteins has not been 
demonstrated, and is likely to require either fusogenic se- 
quences within the foreign protein itself or coexpressi n of 
fusogenic molecules on the viral envelope. 

Engineering Env 

Genetic manipulations whereby sequences conferring 
specific binding affinities are engineered into preexisting 
viral env genes represent a promising approach. In MoMLV 
the sequences that determine receptor specificity seem to be 
in the most distal of the two variable regions within the 
ammo-terminal portion of the SU Env subunit, and replace* 
ment of the variable region of one strain with that of another 
can, for instance, change viral tropism from that of strain 




Figure 1. Generation or retroviral vecton wuh novel trupisms by construction of hybrid packaging lines. Transfection of a cell with genes 
(geg-pot, env) that encode viral /mm-acting functions allows expression of all the stmciural components of the virion by that cell; these com- 
ponents can recognize and package the recombinant retroviral genome (shown here bounded by long terminal repeats (LTRi) and carry- 
ing a therapeutic, gene x). Here we represent diagrammatically the various classes of retroviral pseudotypes that have been produced by 
providing various env genes in tram; this illustrates the principle of alteration of retroviral vector tropism by pseudotyping. 
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4O70A to that f 10A1 (12). Engineering of murine retroviral 
Env proteim it being actively investigated (17-14) and it an 
important area of research. However, receptor recogniti n 
may involve complex interaction! between the cellular ligand 
and different parti of the viral Env, and modification of viral 
tropism by direct replacement of receptor-binding sequences 
will not be straightforward. The function of Env proteins is 
not simply to adhere to host cells but also to participate in 
a sequence of events leading to membran? fusion. Excessive 
alteration of Env structure might therefore jeopardize the ex- 
posure of hydrophobic domains required for fusion and cor- 
,1";. u mte "»» J **»««o». Nevertheless, a mammalian cell 
tropism has been conferred on an avian retrovirus by en- 
gineering fntegrin-binding sequences into Env. !t was found 
that two of the variable regions of ALV Env could be 
manipulated by exchanging m sequences with those encod- 
ing a 16-amino acid ROD-containing peptide to produce 
Env proteins that were processed and incorporated into 

?ZS P"! d «.<yM«* hyWd envelopTcould still 
efficiently mediate infection of avian cells through the ALV 
receptor, and could also infect and transfer neomycin 
^ t ^ C V^ mUnm ^" 1 (ALV-refractory) cells that ex- 
pressed RGD-recognixing integrins. Infection was not 
f™ 1 '"^" 1 ^ P«*°us deglycosylation of the virus to 
expose ROD epitopes, but it is an important demonstration 
modification '"'"viral vectors by envelope 

In other studies, the RSV host range has been broadened 
to include human cells by packaging the genome with a chi- 
meric Env that was a fusion of the RSV signal peptide and 
!» '" fl . ue !" a . v,rui hemagglutinin (16). Chimeric Env was 

hemagglutinins to direct retroviral vectors to subsets of cells 
exhibiting particular glycosylate phenotypes as the various 

dttW?. ^agglutinins with 
different precise specificities. Another candidate protein for 
restriction of tropism is the B» parvovirus surbce protein, 

.Sin? fc^fc 'etrasaccharide of globoside (blood group P 
antigen), which has a very limited tissue distribution. The 

charid^ P n?- , . ei L m * y bew»«ptible to fine-tunin e of sac- 
enande specificity by recombinant techniques or site-directed 
mutagenesis, similar to the influent* hemagglutinin (18). 
a^EE?'? mtwini vector, to particular 

™, X * " phenot yP e * m «y be of special interest "jr 
rive^vliS! P Li. M .L ,nMy ,rtnrf0 ™ed cells show altered 
«^ het - ef . 0r BW fy "berrantly expressed gly- 
£L«y>£?! W \ Vtrai U another qicstici; a rcccm 
eElSt"" * M '"rgeted to cells via lectin 

fhuVi w"i5 ******** *e cells after binding (19), but 
fon. eaSLSf l fUnC,i ? £ *■ teetin or of ttru « u "' •' era' 

*S££i!i crOM * ,,nlong r " her ,hafl 3 functio " ° f < h < 

couW V d * T'^P^ion of envelope structure 

£ ^ '? ,ere,t fer c * neer ,her »Py- ™« « because 

hat^w^ of Uf8e, ee,u in naii ^ disea * ««««• 

reo L- f„I lhe f " nm _ un e jystem must be recruited or that a 

RSV ?i « rJ^r »• ^ 10 U * M *" the cells, and 

«no»t • "Pleating vector par excellence. Besides its own 
genome, th„ virus known to carry a cell-derived oncogene 

^ f ,h " Whh ' eDNA would give a 

replication-competent gene therapy vector. 

approach, .n which a cDNA encoding an mAb fragment 



capable of hapten rec gniti n was fused to the m, ~r 
MoMLV (18). Coexpressi „ f this gene w£ r5maf 
envelope in an ecotropic packaging line resulted in infective 
viral particles that possessed the appropriate hamen-biflrfiJ, 
acvity. I, should be noted tha, me packaging SfS 
pressing and required parental ecotropic Env as well a> the 
chimeric protein, so it remains to be seen if mfecdve 
retroviral particle, can be assembled that contain 
hapten-displaying Env (20). This approach has yet tobJ 
demonstrated using a hapten directed against a releWhu- 
man antigen capable of mediating virus internaliaati n, and 
is still far from in vivo application. 

Targeting by nlnvirus-liganj conj< jaus 

Hepatocytes possess a unique recoptor that internalises 
asialoglycoprotcins. Conjugation of lactose to ecotropic viral 
parucies allowed them to be recognized as asialogtyeopiotemi 

SuSrtr r u h0,t t0 indude humm »ep«oma 
cells (21). However, this approach is limited first to cells that 
express the asialoglycoprotein receptor, and second to 
proliferating cells (because retroviruses depend on host cell 
mitosis in order to intcg.-ate). As normal liver cells have a 
very low turnover rate, this technique is most likely to be of 
use for in vivo delivery to malignant liver disease of the 
hepatocyte lineage. Furthermore, because the vector was 
based on an ecotropic virus, its tropism in humans would be 
limited entirely to hepatocytes, greatly increasing its safety 

a^SSSl ^ ^1 itY VK,OT « uch *» »ose bearing 
the 4070A or CALV envelope proteins. 

In a more indirect approach, it was found that ecotropic 
MoMLV vectors bound to human hepatoma cells after bein* 
cross-linked to the transferrin receptor by a series of antibod- 
ies; however, there was no subsequent proviral integration, 
suggesting either that the cross-linking antibodies were in- 
hibiting membrane fusion or that the transferrin recept r 
cannot mediate appropriate viral internalization (22). A 
similar cross-linked mAb technique has been used to tars* 
ecotropic retroviral particles to human cells in vitro by 
means of the streptavidin-biotin reaction (23)- This allowed 
"°'x r °P'£ v,ru » «o bind to cells expressing human clan I r 
II MHC antigens and to become internalized and in- 
tegrated. An extension of this technique (19) showed that bi- 
c-'.inylated ECF or insulin could substitute for the anticellu- 
lar receptor antibody, and that EGF and insulin receptors 
could mediate internalization, leading to integration, of 
retroviral particle, bearing streptavidin-conjugated antibod- 
ies. The possibility of targeting retroviral vectors by mean* 
other than murine antibodies, which suffer from numerous 
disadvantages in vivo, sureests that this approach may have 
potential although its in vivo applicability has yet't be 
demonstrated. 

Adenoviral vectors 

Adenoviruses are double-stranded DNA viruses in which the 
viral genomic DNA is contained in a virally encoded protein 
coat (capsid) rather than a phospholipid bilayer of host cell 
origin. The capsid consists of three major types of subunir 
the hexon. which makes up the bulk of the coat; the penton 
baseband the penton fiber. The fiber is attached to the capsid 
via the penton base and projects outward; base and fiber 
together are known as the penton complex. During infection, 
the fiber mediates initial binding of the virus to an 
unidentified cellular receptor and the pent n base subse- 
quently mediates virus internalization vis interact! ns with 
ovtype integrins (24). Thus, the penton c mpltx is respon- 
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tible for binding and internalization, and therefore f r viral 
tropiim at the N.vel of eel) recognitl n. Although adenoviral 
diseue* are uiually associated in vivo with respiratory 
epithelium r the CI tract, their cellular receptors seem to be 
widely distributed (23). Clearly then, as with retroviruses, 
the problem is to limit viral tropism to a particular subset of 
tissues. The adenoviral proteins responsible for attachment 
and internalization, respectively, have been well character- 
ised, giving two points at which to manipulate tropism. The 
most promising approach is to restrict adenovirus infection 
at the cell-binding stage by replacing the carboxyl-terminus 
knob of the fiber with a ligand conferring a particular 
tropism, for instance, with an antibody hapten. One report 
(26) describes the restriction of adenovirus type 5 tropism by 
a different kind of fiber modification where intact virions 
were chemically modified so that their fiber carbohydrate 
groups were covaJently linked to an asialoglycoproteir.- 
polylysine conjugate. Such modified virus was found to have 
much decreased infectivity to asiaJoglycoprotein receptor* 
negative cells while retaining infectivity to receptor-positive 
cells. This approach would be equally applicable to targeting 
adenoviral vectors per se. It may also be possible to restrict 
infection by replacing the RGD-con taming domain of the 
penton base with sequences having affinity for a ligand other 
than RCD-recogniring integrins. 

Adenoviral vectors can also be targeted via the route of ad- 
ministration (27); targeting of a /^-expressing adenoviral 
vector to the kidney by renal artery or pyelic cavity infusion 
resulted in 0-gaJ activity in various renal cells with no detec- 
table expression in liver, lung, or bladder cells (27). 

A possible advantage of refinement of vector targeting to 
the point of absolute specificity might be the ability to use 
replicating vectors for gene therapy. For cancer, development 
of a replicating adenoviral vector, perhaps carrying a 
cytokine or suicide gene, targeted co cancer cells at the level 
of cell binding (via fiber/base manipulations) and at the level 
of transcription (see next section) might allow transduction 
of the large number of malignant cells in a tumor deposit; 
cell death due to adenovirally induced lysis may even poten- 
tiate the field effect of cytokines. A safety feature of such a 
system would be that the immune system would be expected 
to eventually clear such therapeutic infections (as it does for 
wild-typc infections); therefore this potential therapy only 
awaits adequate targeting strategies. 

Liposome vectors 

Most work on targeted liposomes has been designed to 
deliver cytotoxic drugs to cancer cells and has been reviewed 
recently (28). Expression of a cDNA in the target cells makes 
greater demands on the vector system in that it must not 
only target the appropriate cell type but also allow efficient 
delivery of undegraded DNA to the nucleus. For most tar- 
geted gene delivery purposes, conventional liposomes are 
limited because of their selective uptake by cells of the 
reticuloendothelial system (RES), in particular by macro- 
phages resident in liver, spleen, and bone marrow, because 
of their limited extent of extravasation. Where macrophages 
themselves are the target, however, RES affinity is advanta- 
geous. In L donooani leishmaniasis parasites not only multi- 
ply in the KupftVr cells of the liver, but are also resident in 
a vacuole to which lysosomes fuse, so that liposomes arc pas- 
sively targeted not only to the parasitized cell but also to the 
appropriate rganelle, making liposome-mediated delivery 
f transcriptionally targeted antisense r suicide genes to 
these parasites a real possibility. It is also possible in a few 
casss to avoid much of the RES by the particular route of ap- 



plication, particularly where the target tissue is found in a 
discrete anatomical compartment; e.g., n ntargeted lipo- 
somes c uid be applied directly t the bladder for treatment 
of carcinoma or to the lung f r treatment of cystic fibrosis or 
crAT deficiency. Targeting by compartment has allowed 
confined transduction of discrete sections of arterial wall us- 
ing both liposomal and retroviral vectors (29). 

In most cases, however, in vivo use of liposomes requires 
first avoiding the RES, and second, display ef appropriate 
tropic and fusogenic molecules (Fig. 2). Uptake by the RES 
can be considerably delayed, but not altogether avoided, by 
the use of "stealth" liposomes that display negatively charged 
moieties such as the ganglioside GM1 and polyethylene 
glycol (PEC) (28). For most systemic purposes, the stealth 
formula is probably essential. 

Liposomes bearing aii immunoglobulin complement finv 
munoliposomes") can exhibit tropisms conferred by the dis- 
played antibody. Hence, coupling to liposomes of an anti- 
body against glioma cells increased the efficiency of gene 
delivery to these cells in culture by about sevenfold (30). Just 
as mAbs may be conjugated to liposomes to confer targeting 
capability, so may other ligandi such as growth factors and 
hormones. Coupling of transferrin to liposomes followed by 
i.v. injection in a rabbit model resulted in significantly 
greater localization to bone marrow erythroblasts (31), and 
incorporation of surfactant protein A into liposomes in- 
creased the uptake of the liposome cargo by alveolar type II 
cells (32). However, it is not sufficient merely to confer upon 
the vector a particular binding ability; the particle must bind 
to a ligand that also allows fusion of liposome and cell mem- 
branes. Such consideration*, of appropriate intemaJitation of 
vector cargo are especially important for gene delivery vec- 
tors, where the DNA must not only reach the appropriate 
cell type but also must reach the nucleus in undegraded form. 

Conjugating virions to liposomes or incorporating viral 
surface glycoproteins into liposomes might create a vect r 
that has the efficient cell attachment and -entry mechanisms 
of a virus but not the safety drawbacks; much work ha* been 
done in this area with Sendai virus in particular (33). , 
Another system used liposomes that displayed only the fuso- 
genic protein of Sendai virus (F-protein) and not the cell- 
binding protein (hemagglutinin) (34). However, although 




Figure 2. Modification of lipid membranes to product targeted 
liposomes. Targeting of liposomes requires first abrogation of their 
RES affinity, and second, provision with exposed ligandi having the 
required targeting capacity. Inclusion of ganglioside glycoKpidi into 
the lipid formulation can allow RES evasion; other lipid formula- 
tions include cationic lipids lo allow promiscuous membrane bind- 
ing and hence lysosomc escape, and pH-sensitive lipids, which al- 
low tysosome escape without (he broad affinity conferred by cationic 
lipidi, Various types of ligand can be inserted into the lipid mem- 
brane for provision of particular tropiimi (see text for details). 
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such approaches can make liposomes up to 10-fold more 
efficient than lipofection at gene delivery (33), in terms of 
targeting all it can d is confer upon the liposome the 
tropism f the virus, and there are very few native viral 
recept rs that exhibit a narrow and precise cell type 
specificity. Nevertheless, a promising system (35) is currently 
being developed in which respiratory epithelium is targeted 
by means of the surface proteins of respiratory syncytial vi- 
rus (ReSV), which is responsible for in/cciions of the lower 
respiratory tract. LiposomtMype envelopes were constructed 
that displayed both the attachment and fusion proteins of 
ReSV, and these have been shown to enter all cells of a cul- 
tured respiratory epithelial eel! line within 1 h (35). 

Cationic liposomes such as the commercially produced 
hpofectin can efficiently avoid the lysosomal pathway be- 
cause the particular lipid composition allow* Hirerr f ua j on 0 f 
liposome and cell membranes. These particles are therefore 
much more efficient than conventional liposomes, and for in 
vitro transduction have largely replaced them. Cationic lipo- 
somes have also been used for in vivo approaches and even 
dinical trials; however, there seem to be no data on the ex- 
tent to which these liposomes can avoid the RES, and indeed 
the cationic surface would teem to be incompatible with the 
negative charges characteristic of the stealth formulation 
One report suggests that the cationic liposome has as much 
affinity for other cell types as for the RES after i.v. injection 
(36). Administration of liposomes carrying SV40-CAT 
resulted in widespread expression of the marker gene for up 
to 9 wk, albeit mainly in tissues generally associated with the 
RES such as spleen, liver, lymph nodes, and bone marrow 
as well as in vascular endothelium. CAT expression was also 
observed in tumor cells in this experiment, probably as a 



consequence of leaky tumor vasculature It may eventually 
be possible to combine the efficient lysosomal avoidance f 
cationic liposomes with a specific targeting capacity 
although the problem is likely to be that the genermJlyfuso- 
genic nature of cationic liposomes may preclude any pre* 
cisely restricted targeting. 

Molecular conjugate vectors 

Targeting of plasmid DNA may be achieved by coupling the 
DNA to a ligand with a demonstrated cell or tissue affinity. 
This is usually brought about by covalently linking a polyca- 
nonsuch as polylysine to the ligand; the polycation can then 
bind to and condense plasmid DNA via electrostatic interac- 
tions, leaving the ligand exposed on the surface f the con- 
jugate (37). The ligands chosen must be efficiently ndocy- 
toscd in the target cells so that DNA is efficiently intemalited. 
One of the first receptors to be used in this way was the 
asialoglycoprotcin rrceptor, whose expression is limited to 
hepatocytes; this receptor binds glycoproteins with terminal 
galactose residues for removal from the circulation; 
asialoorosomucoid ( ASOR) is a major natural ligand for this 
receptor. BSA has been given specificity for the ASOR 
receptor by artificial gaJactosylation, and has been used t 
target CAT and human factor IX cDNAs (38) to hepatoma 
cells in vitro and to liver but not other tissues in viva Other 
hgands that have been used in similar conjugates include in* 
auhn (39), EOF (40), lectins (41), and transferrin (3 7). A 
major drawback of classical molecular conjugate vect rn is 
that internalization depends on receptor-mediated endocyto- 
sis, a process that directs the receptor complex to lysosomes 
where it is degraded; only a small fraction of introduced 
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DNA escapes this pathway and en (en the nucleus, leading t 
low efficiency f transduction. 

A new generati n f molecular conjugate vectors has been 
produced that has the capacity to escape the degradative 
lysosomal pathway by utilizing features f the adenovirus 
capsid (Fig. 3). Adenovirus disrupts endosomes during cell 
entry as a consequence of a conformational change in the 
capsid proteins, resulting in membrane breakdown, trig- 
gered by a drop in pH. Hence, molecular conjugate vectors 
ddivcied DNA to cells with greatly i..ci**K:d efficiency 
when transaction was done in the presence of adenovirus. 
However, this effect relies on both virus and vector being 
present in the same endosome Tb improve efficiency, the 
adenovirus has been coupled directly to the molecular con- 
jugate (37). However, adenovirus receptors are virtually 
ubiquitous and so the coupling of an adenovirus receptor to 
a targeted molecular conjugate would be expected to par- 
tially or completely abrogate any preferential tropism con- 
ferred by the ligand. Blocking the interaction of fiber with 
adenovirus receptor by mAb to the fiber resulted (42) in a 
vector that was both targeted to a specific subset of cells and 
able to escape the lysosomal pathway. A more satisfactory ap- 
proach would be to create recombinant adenoviral vectors 
that display dysfunctional fiber proteins in order to bypass 
the antibody-coating step. 

Few in vivo experiments haw* been attempted using 
adenovirus-molecular conjugate complexes, and in fact it is 
unlikely that such vectors will be routinely applicable to in 
vivo work, although they are likely to be of use for ex vivo 
strategies (43). This is a consequence first nf the size of the 
complex (transferrin-polycation conjugates are approxi- 
mately 100 nm in diameter (44); complexed with AdV they 
would be even larger), which will prohibit extensive extrava- 
sation ur tissue penetration, and second, or the likelihood or 
direct immunogen icily or the AdV proteins (45). 

TARGETING OFGENK THERAPY VECTORS AT THE 
GENETIC LEVEL 

Transcriptional targeting 

Therapeutic cDN As may be limited in expression to a partic- 
ular subset or cells by placing them under the control or 
regululuiy dc-Hirnift that pus«ru binding silo, for tissue- 
restricted positive or negative /raw-acting factors (Fig. 4), 
Correctly regulated expression may require, in addition to 5' 
promoter sequences, distant elements either 5* or 3' to the 
coding region; these elements act together with the promoter 
and allow tisiuc-spreifir expression at appropriate levels in- 
dependent of position of integration. Such locus control 
regions (LCRs) have been identified for a number of gcnen. 
LGRs would be of much use for gene augmentation but the 
transfer of such large sections of DNA to target cells will be 
problematic, particularly in vivo, and in fact for the foreseea- 
ble foture may be confined to ex vivo strategics. Where a 
monogenic defect results in pathology in more than one tis- 
sue, the most pragmatic approach to appropriately limit the 
expression or therapeutic cDNA is to use the cellular 
promoier/cnhanccr elements native to the dcrectivc gene. 
Furthermore, the use ol cellular rather than viral promoters 
reduces the chance of loss of cDNA expression due to inacti- 
yation of viral sequences by methylation or other mechan- 
isms (46). Thus, cellular prom tcrs may confer benefits both 
or long-term expression and r tissue-restricted expression, 
and where vector-targeting at the cell-binding level has n t 
been achieved it may represent the nly way or limiting ex- 
pression or ex genous cDNA. 



REVIEW 




Figure 4. Tinsue- restricted imiiscripiioit. A promiscuously binding 
vector can be targeted at the transcriptional level if the therapeutic 
gene (x) is controlled by 5' regulatory elements (shown here as a 
•haded region upstream uTx) active only in the presence of tissue- 
ipecific nuclear transcription radon; thus expression of x occurs 
only in the target cells. 



Tissue-specific cellular regulatory elements have great 
potential for development or safe, targeted vectors for gene 
therapy. For example, the creatine kinase promoter has been 
used in a plasm id vector to restrict dystrophin cDNA expres- 
sion to skeletal and cardiac muscle, and in the mix mouse 
model of Duchenne muscular dystrophy, mice transgenic f r 
this prnmnicr-cDNA construct were found to exhibit c o r re t * 
tion or dystrophic symptoms (47). A potential approach X 
the treatment orB cell lymphoma involves expression or sui- 
cide genes transcriptionally regulated by promoter/enhancers 
rrom the Ig heavy chain or the * light chain genes; expres- 
sion plasmids containing the diphtheria toxin A (OTA) gene 
controlled by these regulatory elements mediated significant 
expression or DT-A in B lymphoid cells but not in HcLa cells 
or fibroblasts (48). 

Endothelial cells are attractive recipients for gene transfer 
therapies not only for obvious purposes such as targeting or 
tumor vasculature or therapy or cardiovascular disease, but 
also lor the systemic secretion or therapeutic ractors. An en- 
dothelial cell-specific icgulatory region has recently been 
characterized (49) as 500 bp o. f 5' sequences, associated with 
the gene for von Willebrand's ractor, acting in conjunct! n 
with an essential region in the first intron. This promoter 
could be particularly useful when driving a suicide gene in 
a retroviral vector as it would then be targeted to dividing 
endothelial cells, i.e., almost exclusively tumor vasculature. 

Tissue-specific cellular promoters frequently retain their 
specificity in the context or a retroviral vector (50); however, 
ihis^is not always the case, and the design or the retroviral 
vector may have significant effects on tissue specificity due to 
promoter interference (51). Tissue-specific promoters have 
also been shown to appropriately restrict cDNA expression 
in the context or recombinant adenoviruses, e.g., the rat al- 
bumin promoter maintained its hepatoma cell specificity in 
vitro (52), albeit at low levels. 

Antiviral therapy using transcriptional 
targeting 

Transcriptional targeting may be or particular use in the 
therapy of particular kinds or viral inaction. In cases where 
the viral life cycle depends on seir-encoded autoregulatory 
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proieini, vector, can be made in which therapeutic cDNAs 
are transcriptionally regulated by these same viral proteim 
Transcription of the therapeutic cDNA ii therefore limited t 
cella that are infected by the virus, and thus such an ap- 
proach could be either prophylactic or curative This 
Jtrategy has been applied to experimental HIV therapies. 
One recent report (53) described the construction of a 
l™™™.?" con '*' nm & HSVTK driven by the 
JISi L 7 R • TA ^ I ce, . ,, «Pr««ing thi* construct became , us- 
ceptible to ganciclovir after infection by HIV-2 in vitro. 

Targeting proliferating cells 

«S^nM y ^r re, ' Wl ? , V * C, ? n ean comblne the *»i»*y to 
express cDNA from an internal tissue-specific promoter with 
an innate tropum for proliferating tissue. Therefore, they 
have great potential at vecton for the gene therapy of -ancer. 
because restricted cDNA expression i, of particular impor- 
tance in strategies that involve delivery of cytokine or suicide 
genes and malignancies art often distinguished by rapid di- 
vision in a relatively quiescent background. Indeed, in a very 

sufficient in itself to target the theraoy (Fit. 5V wh*re 

coniS sr in ,heir ra,e «r«*L*L tatte 

compartment that is separated from the rest of the body al- 
lows efficient targeting with retroviral vectors (54). As .n ad- 
ditional targeting feature for malignancies or the CNS the 
glial-specific promoter region of the mouse myelin basic pro- 
o rdS'.i" US f 10 *** HSVTK in »»troviral ? Z 
of orodL e r3^K h ] ° ng - ttrm "Ministration 

of producer cell, at ,he primary site or systemic vector appli- 




pnq .! " ■ epmptetely postmitotic background, tuch u the 



cation to treat metastatic deposits as collateral int~*U~ «r 
nong ,aJ cell, would no, r«ul, l^JS^SuSS^ 
Retrov,ral vect rs would also be useful in tarf5» tt5 
malignances, «u the liver is also slowly prolUeK uiE 
normal circumstances. Tissue-speciBc pCcS^SuWte 
essential for such strategies, because un^tecSsL tte 
hver ., not efficiently insulated from the restof the bodvAm- 

HSVTK cDNA driven either by the albumin tTSTZ 
fetoprotein promoter. (56). The idbumin wSe?v2T«i 
"ve only in cells of the liver lineage; uWfetoShS 
promoter conferred an extra level of ta^ttSg hT tKS 
hepatoma-^cific as opposed to hep^*t|Sfc 71? 

he 5 "P 0 " °f m * tyrosinase gene has alw been used to 
™ "« " P««» on of therapeutic cDNA, ,0 nJSSStS 
melanoma cell, both in vitro and in vivo bTmewof 
retroviral vector, (51, 57). TW, kind oftranscripoLTu^. 

ausT a „ y o™r fu ! VDEPT • p P roaehe! ^"ornX 
eauae normal melanocyte, are dispersed and of low detX 

•n body isaues. and their ablation is likely to be minimal 
pathological Even better would be the 
specific transcriptional regulation by usinT pwrnWerK- 
?o U ™T/ r ° n ' ST who * ^^P^'io" « KrnitedTSaS. 
wSh i. '^H'' 1!? candia,a,e die oncogene ERBB2, 
which ., overexposed in a variety oftumora?The ERBB2 
promoter sequences have been used to drive cyttaine 
deaminase cDNA in a retroviral vector (58); thi, 2meS 
conferred sensitivity ,0 ERBB2-overproducing cell, bu^nS 
ufTJZ? ?' re P re , Mn " » Potentially widely applica- 
ble method of tumor-preferential transcriptional tarminjr 

•"- fe I°P ro,e,n P~« » i« effect completely 
specfic, but is apphcable only to malignancies of die liver 

Exploitation of natural viral tropisms 

An obvious approach to the precise targeting of tisnie. ii to 

XSlZS™ m V,n,KS ,hat have P«f«ntial pattern, of 
transcription in target tissues, such as HSV vectors for ner- 
vous tissue. However, careful dissection of the genomes f 
these viruses will be necessary ,0 separate pathogenic ^ 
quences from those that confer transcriptional^^ y; > 
meat case, i, will be preferable to use cellular S in 

any targeted vira' genomes is not great. 

ouSm«„??^ be n remarkable "«P'ion to the general re- 
quirement for cellular promoters rather than viral promoters 
»n gene therapy, namely, the use of autonomous parvoviraJ 
^uueiictsfor targeting transformed cells (see 59 for 
leaFLt ^ - vlru »« Preferentially kill transformed cells 
pV 'i- l ™ ,n J ec,,on of mouse minute virus (MVM) and 

nh bited tumor formation by up to 90%. Furthermore, mice 
that had survived one such coinjection were resistant t (K . 
cond tumor challenge 5-6 wk later. The precise basil of par- 
vovirus oncotropism i. not understood but may be related to 
an effect of the- tran.formed cell environment on the produc- 
tion or activity of parvovirus autorejjulatory proteins. The 
parvov.ru, promoter that is preferentially transacted in 
certa.n transformed cells is clearly a candidate to control 
ranscripnon of suicide or cytokine genes in parvovirus vec- 
tors lor cancer therapies. Recombinant parvovirus vector. 

Ama ma ?' e and 5hown 10 both tr »"«fw exogenou. 
cDNA express! n to recipient cells and retain their n- 
cotrop.sm in vitro (61) for human and murine cells. Recom- 
binant parvoviruses may therefore represent one of the most 
promising approaches 10 cancer therapies for the future 
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Targeted Integrati n: site-specific recombination 

Nonintcgrttinf vecton are adequate f r trans ; ent expression 
ofcDNA. Where the bject ii a "one-shot" treatment for cure 
fa genetic disorder, it is necessary t ute either an integrat- 
ing vector or a stably replicating extrachromosomaJ element. 
For the future, sequences containing mammalian origins of 
replication or even entire mammalian artificial chromosomes 
(62) could have great potential especially for ex vivo ap- 
proaches. Similarly, vecton based on che Spstein-Barr virus, 
which is stably maintained episomally as a plasmid in hu- 
man cells, may one day be suitable for clinical use. 

The ideal approach would be to target the exogenous 
DNA to the mutant gene, U. t gene replacement rather than 
gene augmentation. Such gene targeting approaches may be 
of use for ex vivo strategies to stably transduce cells with less 
likelihood of simultaneous transformation (63). Such in vitro 
homologous recombination may be useful in inactivating 
genes responsible for MHC class I expression in myoblasts 
to create a universal carrier cell that can be transplanted 
regardless of the recipient HLA type (63). This approach is 
applicable to any ex vivo strategy that requires implantation 
of viable transduced but otherwise unchanged cells. The 
technology required to accomplish this at levels of efficiency 
relevant to in vivo gene transfer does not yet exist and so in- 
tegrating gene therapy vectors at present can offer only gene 
augmentation. 

Nontargeted integration could be hazardous if completely 
random, not only by turning on downstream oncogenes via 
promoter readthrough but also by direct disruption of genes, 
and this is the main source of concern with regard to the use 
of retroviral vectors in humans. Vectors with the capacity for 
site-specific integration would overcome these problems. 
Adeno-assodated virus is a defective parvovirus that poten- 
tially is widely applicable in gene transfer strategies because 
it is tropic for many ceil types, nonpathogenic in humans (in 
the absence of helper virus the AAV genome does not repli- 
cate but integrates into the genome and assumes a state of 
latency), and can be manipulated to derive recombinant ge- 
nomes capable of vectoring exogenous DNA (64). Although 
these vecton can package only up to 4.5 kb as compared with 
the retrovirus limit of approximately 7 kb, they are said to 
have one major advantage over other integrating vecton, 
namely, a propensity (which is far from total) for apparently 
harmless integration into a region of human chromosome 19 
known as AAVS1 (see review, ref 63). Where such specific in- 
tegration occun, ii is almost certainly mediated by virally 
encoded proteins with affinity both for the target site and for 
the virtu genome (66). Although integrated viraJ lequences 
remain dormant until superinfection by AdV/HSV, ex- 
ogenous cONAs driven by internal promoter! can still be ac- 
tive (furthermore, the transcriptional inactivity or the viral 
ITR means that there will be no promoter interference lead- 
ing to, for example, loss of tissue specificity of exogenous 
promoter, and less chance of inserttonsJ mutagenesis for the 
same reason). Thus AAV vecton have been shown to confer 
neomycin resistance end in some cases to integrate with site 
specificity (64). This study also showed that AAV vecton 
preserved their site specificity after transfection in plar.mid 
form; the use of a transferable plasmid rather than a viral 
vector might overcome the packaging limitations of AAV 
wrton (64). It must he said, however, that some groups 
report that rcc mbinant AAV vecton show site specificity in 
only a relatively inin r proportion of the total number f in- 
tegration events. There have been several attempts to expl re 
^"W* potential of AAV vecton, e.g., the delivery f 
CUNA for the correction of the cystic fibrosis defects (67) 
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There may be ther vector systems also capable of site* 
specific integration. Eukaryotic genomes harbor large nuro- 
ben f endogen us transposabie elements f various types 
(68), i.e., auton m usly replicating units that can insert 
themselves into the host genome. Some of these elements, 
known as LTR retrotransposons, are very similar t 
retroviruses both in replication cycle and in organization, be- 
ing bound by LTRs and possessing coding regions with ho- 
mology to retroviral gag-poi genes. The replicative cycle of 
LTR retrotransposons exactly parallel* that of the 
retroviruses except that there is no envelope stage, thus, 
cytoplasmic virus-like panicles (69) are formed containing 
revene transcriptase, the RNA form of the retrotransposon, 
and cellular tRNA primers for reverse transcription. Such 
elements include copia, yeast iy, and the intracisternal A par- 
ticle of mice; dearly they have great potential as vecton of 
improved safety as their use with retroviral packaging lines 
would be less likely to result in helper virus production 
through homologous recombination. Indeed a mouse 
retrotransposon VL30 has already been made into a gene 
transfer vector (70), which can be produced in a standard 
retroviral packaging line. Endogenous retrotransposons a 
prion would be expected, through coevolution with the host 
gtnome, to display a degree of site specificity of integration 
as continuous random retroiraniposition would be deleteri- 
ous to the cell. Yeast retrotransposons ofter the best examples 
of site-specific retrotransposons, and moreover, their site of 
integration appeare to be benign. Two of the five Sacsktrrmncts 
certoisiae retrotransposons, Tyl and 1y3, exhibit uruunbtgu- 
ous site specificity of integration (71). Ty3 elements integrate 
into sites upstream of genes transcribed by RNA pel III, fre- 
quently within i-4 nucleotides of the start site of transcrip- 
tion, it has been suggested that this sequence-independent 
site specificity is brought about by interaction of the 
retrotransposon with elements involved in RNA pol III* 
mediated transcription, e.g., TFIIIB (71). Similarly, Tyi 
preferentially integrates upstream of tRNA genes (71) 57% 
of insertions occurring within 400 bp of a tRNA gene. A con- 
sequence of this specificity is that yeast genes are only rarely 
interrupted by Tyi insertions as regions upstream of yeast 
tRNA genes rarely contain open reading frames (71). The 
great similarity of LTR retrotransposons to retroviruses al- 
lows them to be made into vecton with conventional retrovi- 
rus packaging lines (70); possibly the development of a pack- 
aging line that provides retrotransposon rather than 
retroviral gag-pot in trans will allow the production of vecton 
with integrational site specificity. 

SUMMARY AND PERSPECTIVES 



Of the gene therapy protocols that have so far entered clini- 
cal trials, targeting of the appropriate vecton has been 
achieved largely only by indirect means. Thus, several cuch 
trials (for example, for treatment of ADA deficiency, HIV in- 
fection, or cancer) have used specific cell populations that 
have been removed from the patient and infected in vitro by 
nontargeted amphutropic retroviruses before being returned 
in vivo. Further levels of targeting have been achieved in 
some cases by careful choice of the patient's cells; for in- 
stance, ex vivo transduction of tumor infiltrating lympho- 
cytes wirh potentially tumnricidal genes has been proposed 
as a means of delivering their products t tumor deposits at 
much higher concentrations than would otherwise be possible, 
In contrast t ex vivo manipulation of target cells where 
the vector requires very little, if any, intrinsic targeting capa- 
bility, there are an increasing number f protocols in which 
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Figure 6. A theoretical composite vector. Some features that might 
be incorporated in an ideal synthetic vector include a stable, noninv 
munogentc envelope, probably lipid (a); exuuscd ligands to confer 
a particular affinity on the vector (•); moieties that encourage fusion 
between vector and target cell membranes (r); proteins to allow 
directed integration of vector DNA, eg., site-specific recombinases 
(A sequences to enable homologous recombination between vector 
DNA and particular tori of the target genome (/); tissue-specific 
promoter regions to allow restricted expression of the therapeutic 
gene (/); and the therapeutic cONA (/). 



recombinant genes arc delivered directly to patients in vivo 
(such as for the treatment of cynic fibrosis and cancer). Once 
again, targeting at the level of the vector has not yet been 
particularly well developed; hence, liposome or viral- 
mediated delivery of Che CFTR gene to airway epithelial 
cells of CF patients has relied largely on the localised deliv- 
ery of the vectors directly to the affected tissues, and on the 
fact that there is good evidence that inadvertant expression 
of the CFTR gene in cells other than the target epithelial 
cells may have few adverse elects. Localized delivery has 
also been used in the treatment of brain tumor deposits, us- 
ing stereotactic injection of retroviral producer cells, but 
with the added sophistication that the retroviruses would be 
expected to infect only the actively dividing tumor cells and 
not the surrounding neural tissue. 

However, for the long-term success as well as the 
widespread applicability of human gene therapy, there will 
have to be advances in the ability with which clinicians can 
confidently administer recombinant vectors for the treat- 
ment of genetic disease directly to affected tissues in viva For 
this to occur, many targeting Strategies outlined in this 
review, which are currently only at the experimental level, 
wUl have to be translated into components of safe and highly 
efficient delivery systems. Vectors have already been deve- 
loped that incorporate transcriptional specificity for a certain 
tissue type; however, the development of surface targeting 
h * , n Dccn problematic in most ca.ies. The biggest 

challenge for the next 5 years wUl be to combine targeting 
with efficiency in the production of the vector systems of the 
future. So far, attainment of one usually c m promises the 
other, f r example, we have constructed retroviral vectors 
targeted at the level of transcription to melanoma cells but 
these viruses arc generally of lower titer than their nontar- 
geted counterparts. 



Nonetheless, the imaginati n and the technology is cur* 
rently available t allow us t h pe that vect rs win eventu- 
ally be constricted that can include both efficiency and 
specificity. In particular, it does not seem unrealistic to sup- 
pose that the gene therapy vectors f the future will not be 
based exclusively on any single virus or physical vect r sys- 
tem alone but v/ill be synthetic, custom-designed vehicles 
(Fig. 6) into which specific targeting features can be in- 
cluded depending on the particular clinical requirements of 
the target disease and tissue. gjj 

W c would like to thank Professor Bob Williamson for influential 

discussions. 
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